Electrochromic materials have attracted considerable attention during the last two decades as a consequence of their potential application in several different types of optical devices. Examples of these devices include intelligent windows and time labels. In this paper the authors describe results obtained with thin tungsten oxide films produced at room temperature by rf magnetron sputtering under an argon and oxygen atmosphere on transparent conductive oxide coated glass substrates. To protect the surface of the electrochromic film, prevent water absorption and obtain a good memory effect under open circuit voltages, a layer of Ta 2 O 5 was deposited over the WO 3 films. In this study, the effect of different electrolyte compositions on the open circuit memory of optical devices has been characterized. The best results were obtained for electrochromic devices with polymer gel p(TMC) 3 LiClO 4 and p(TMC) 8 LiClO 4 electrolytes. These prototype devices present an overall transmittance of ~75% in their bleached state and after coloration 40.5 and 52.5% respectively. These devices also show memory effect and an optical density considered satisfactory for some electrochromic applications.
Introduction
An electrochromic material is able to change its optical properties when subjected to a low voltage. Interest in the development of technological applications of these materials in optical devices such as elements for information displays, light shutters, smart windows, variable-reflectance mirrors and variable-emittance thermal radiators [1] , has resulted in a very significant research investment in this domain. It is likely that the number of applications will increase in the future, especially when practical manufacturing techniques and more durable products become established [2] . Tungsten oxide (WO 3 ) continues to be the most widely studied electrochromic material. It is incorporated in electrochromic devices as the active material, due to its favorable properties. These include reversible transmittance modulation under applied voltage, extended operational lifetime and high cycle reversibility [3] . Tungsten oxide is also a material which is easy to produce by different methods including CVD [4] , sol gel [5, 6] , thermal evaporation and sputtering [7] . In this paper we report a preliminary study on a device based on a five layer sandwich structure, with the following configuration: glass/ZnO:Ga/WO 3 /Ta 2 O 5 /polymer electrolyte/ ZnO:Ga/glass. The ZnO:Ga electrode was chosen because of its favorable optical and electrical characteristics [8, 9, 10] . Tungsten oxide was used as the active electrochromic material and Ta 2 O 5 was used as a protecting layer for the surface of the electrochromic film. The intended purpose of this layer was to prevent water absorption and obtain an extended memory effect under open circuit voltages. Solid polymer electrolytes [11, 12] (abbreviated as SPEs) represent a technologically interesting development of the solid electrolyte concept. In contrast with these latter materials SPEs are more mechanically adaptable and as such are able to form and maintain good interfacial properties with rigid solids. The polymer electrolyte used in this application [13] was intended to function as a dual-function component, providing ionic conductivity and simultaneously acting as a structural adhesive. Although dry SPE films were initially used, formulations incorporating acetonitrile, designated as polymer gel electrolytes, performed a more satisfactory adhesive function. These may be considered to act as immobilized liquid electrolytes.
Experimental details

Materials preparation
Preparation of thin films. The gallium doped zinc oxide films (ZnO:Ga) were deposited on glass substrates by r.f. (13.56 MHz) magnetron sputtering using a ceramic oxide target ZnO:Ga 2 O 3 (95:5 wt%; 5 cm diameter, supplied by SCM, Suffern, NY, USA). The sputtering was carried out under room temperature, an argon flow of 20 sccm and a deposition pressure of 0.11 Pa. The distance between the substrate and the target was 10 cm and the r.f. power was maintained constant at 175 W. Tungsten oxide films (WO 3 ) were also prepared by r.f. magnetron sputtering using a ceramic oxide target WO 3 (SCM, 99.99% purity). The sputtering was carried out at room temperature, a deposition pressure of 0.8 Pa, an oxygen flux of 4 sccm, an argon flux of 18 sccm and a rf power of 100 W. The distance between the substrate and the target was 10 cm. Tantalum pentoxide (Ta 2 O 5 ) was deposited on tungsten oxide by electron beam evaporation using Ta 2 O 5 pellets (SCM, 99.99% purity). The deposition pressure was 5.0x10 -3 Pa with an oxygen flow of 10 sccm and a deposition rate of 0.15nm/seg.
Preparation of polymer electrolyte. High molar mass poly(trimethylene carbonate) (p(TMC) -3x10 5 g mol -1 ), prepared by catalyzed bulk polymerization and characterized by gel permeation chromatography, was provided by Shell Chemicals, Houston, TX, USA. The elastomeric host polymer, was dried before use at 70 o C, under vacuum, for a period of about 7 days. Lithium perchlorate (Aldrich, 99.99 %) was dried under vacuum at 190 o C for 7 days and then stored in a high integrity, dry argon-filled glove box. All subsequent manipulations of salt, electrolyte sample preparations and the assembly of the electrochromic device were carried out under a dry argon atmosphere. A polymer gel electrolyte formulation with a composition of p(TMC) and lithium guest salt such that the ratio of carbonate coordinating units to lithium cations was 3, was designated as p(TMC) 3 LiClO 4 . Homogeneous solutions of p(TMC) and lithium perchlorate in acetonitrile (Aldrich, anhydrous 99.9 %) were prepared by adding known masses of polymer and lithium salt (for an electrolyte with composition p(TMC) 3 LiClO 4 , the masses were 30.6 and 10.6 mg respectively) to a small conical flask. A convenient volume of acetonitrile (2-3 ml) was transferred to the flask and the components were stirred for a period of at least 48 hours within a preparative glovebox.
Device fabrication. Device assembly with gel electrolytes was carried out by direct application of a small volume of the polymer/salt/solvent mixture to the surface of a glass plate onto which a ZnO:Ga/WO 3 /Ta 2 O 5 coating had been previously deposited. The thicknesses used for each layer were: ZnO:Ga -200 nm; WO 3 -125 nm and Ta 2 O 5 -100 nm.. A second glass plate with a ZnO:Ga coating was placed on top of the electrolyte gel sample and the two plates were pressed together to spread the electrolyte in a thin film between the electrochromic surfaces. In this manner a surface with an area of approximately 1 cm 2 was formed. Prior measurement of the thickness of the coated glass plates and evaluation of the final assembly thickness provided a practical means of estimating the thickness of the polymer gel electrolyte layer. Reproduction of an electrolyte layer of between 90 and 100µm was found to be straightforward. Fig. 1 shows a schematic illustration of the structure used.
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It should be stressed that the entire assembly procedure described was carried out inside a preparative dry box. The optical transmittance was measured using a UV-VIS-NIR double beam spectrophotometer (UV-3100 PC, Shimadzu) in the wavelength range from 300 to 1200 nm. The structural properties of the films were analyzed by X-ray diffraction measurements with Cu K α radiation (Rigaku DMAX III-C series). For the activation of the electrochromic device a bias voltage of 6 V was used.
Results and discussion
A polymer electrolyte film used in an optical device must meet various pre-requisites. One of these is that the film must exhibit high transmission. If this condition is not fulfilled the electrolyte will have an adverse influence on the color contrast [14] . Fig. 2 presents the optical transmittance in the wavelength range 300-1200 nm for the electrochromic structure. Initially, the active layer of the assembled device was almost transparent, however when a negative voltage was applied a blue color appeared associated with WO 3 reduction and simultaneous Li + insertion. Inversion of the applied voltage resulted in WO 3 oxidation and the device returned to its previous state. Table 1 summarizes the average transmittance exhibited by the electrochromic. In all the films studied only the ZnO (002) peak at 2θ ~ 34.1º was observed confirming the amorphous like behavior of the other films.
Conclusions
The addition of the polymer electrolyte p(TMC) n LiClO 4 to form a polymer gel electrolyte contributed significant improvements to electrochromic device operation relative to non-aqueous electrolyte based devices. High transmittance values in the as-prepared state, elimination of electrolyte leakage problems and improved device layer adhesion are examples of these improvements. The average transmittance in the visible region of the spectra was ~75% for all bleached samples analyzed. After coloration the structures with the p(TMC) 3 LiClO 4 and p(TMC) 8 LiClO 4 polymer gel electrolytes showed enhanced memory effects and an adequate optical 86 Advanced Materials Forum III density for certain electrochromic applications. Further improvement of open-circuit memory can probably be achieved through the introduction of hermetic seals in future versions of the experimental assembly.
Future Work
The encouraging results observed in this exploratory study confirm the advantages of the use of polymer gel electrolytes in electrochromic devices. Clearly further optimization of component formulation and the procedures used to apply both gel and dry-film samples is required and improvements in device response time, optical transmittance and memory effect under open circuit voltages may be expected.
